Carbon buffered-transition metal oxide nanoparticlegraphene hybrid nanosheets as high-performance anode materials for lithium ion batteries † Xin Huang, Jing Chen, Hong Yu, Ren Cai, Shengjie Peng, Qingyu Yan * and Huey Hoon Hng * In this article, we report a simple and general method for the synthesis of carbon buffered-metal oxide nanoparticle (NP)-graphene hybrid 2D nanosheets, which include C-SnO 2 -rGO and C-Fe 2 O 3 -rGO nanosheets. For the preparation of these anodes, tannic acid (TA), a kind of polyphenol extracted from plants, was used as a dispersing agent to introduce a metal precursor on the surface of rGO, and the metal precursor was subsequently converted to the corresponding metal oxide NPs by thermal annealing in a vacuum. During the thermal annealing process, TA was decomposed to form carbon materials, which acted as a buffering matrix to effectively suppress the aggregation and pulverization of the active NPs during the electrochemical performances. It is found that the as-prepared C-SnO 2 -rGO and C-Fe 2 O 3 -rGO nanosheets both exhibited high reversible capacity and rate capability. After 100 discharge/charge cycles, the C-SnO 2 -rGO nanosheet delivered the reversible capacity of 633.2 mA h g , the C-SnO 2 -rGO can maintain a specific capacity of 607.0 mA h g À1 even after 35 cycles.
As for the C-Fe 2 O 3 -rGO nanosheet, it can deliver 504.1 mA h g À1 at a current density of 500 mA g À1 after 100 cycles, and the corresponding discharge capacities in the 10 th cycle at current densities of
Introduction
There is great interest in developing lithium ion batteries (LIBs) because of the steadily growing demand for portable electronic devices. However, the graphite that is currently used as an anode in commercial LIBs has a low energy density (372 mA h g À1 ), 1 which is insufficient to meet the demand for batteries with high energy density. Thus, exploring anode materials with high energy density to replace graphite is of key importance for the development of LIBs.
Transition metal oxides such as tin oxides, 2,3 iron oxides 4 and cobalt oxides 5 have attracted tremendous attention as promising anode materials for the next generation of LIBs due to their high specic capacity and energy density. However, these anode materials would generally suffer large volume changes and stresses during lithium insertion/extraction processes, which cause serious cracking and pulverization of the electrode, and eventually lead to poor cycling performances. To solve these problems, one effective approach is to fabricate nanostructured materials modied with carbon. Downsizing particle size to the nanoscale can not only facilitate lithium ions to diffuse into the electrode matrix but also accommodate the physical strains associated with volume change. [6] [7] [8] The use of carbon can effectively increase the electrode conductivity and prevent the detachment and agglomeration of pulverized active materials during cycling, thus leading to enhanced cycle life of the batteries.
9-11 To date, various nanostructured metal oxidecarbon nanocomposites have been prepared. Among them, graphene-based meal oxide nanocomposites have been shown to be the most promising anode materials owing to the unique physiochemical properties of graphene.
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Graphene is a one-atom-thick two-dimensional carbon nanosheet (carbon atoms organized in a honeycomb structure), which has an excellent electrical conductivity (resistivity ¼ 10 À6 U cm) and high theoretical surface area (2600 cm 2 g À1 ). [13] [14] [15] Until now, a large number of nanostructured transition-metal oxide-graphene nanocomposites have been extensively investigated, [16] [17] [18] [19] [20] [21] such as SnO 2 -graphene, CoO-graphene, CuO-graphene, Fe 2 O 3 -grapheme and TiO 2 -graphene. Indeed, these hybrid nanocomposites exhibit much higher capacity and stability as compared with their bare counterparts. However, majority of these hybrid nanocomposites are prepared by direct host active nanomaterials on the surface of pristine graphene or graphene oxide (GO), followed by reduction of GO to reduced GO (rGO), where the deposited active nanoparticles will suffer irreversible aggregation or detachment during electrochemical cycles owing to the absence of stabilization by functional groups or buffering matrices among the active NPs. For example, 22 [24] [25] [26] where the anode nanomaterials are conned within carbon shells, and then dispersed onto the exible and conductive graphene.
In this article, we report a simple and general method for the synthesis of carbon buffered-transition-metal oxide NP-graphene hybrid nanosheets. Tannic acid (TA) is a typical polyphenol extracted from plants, which contains a number of pyrogallol hydroxyls that have strong chelating ability towards various transition metal ions with empty orbitals. Herein, TA was rst chelated with transition-metal ions to ensure good dispersion of metal precursors on the surface of rGO. Subsequently, the metal precursors were converted to their corresponding metal oxide NPs via vacuum annealing, during which TA was simultaneously decomposed to carbon materials to buffer the metal oxide NPs. In this way, the metal oxide NPs can be rmly anchored onto the surface of the rGO without risking the destruction of the long range p-conjugation of the rGO. It can be expected that such well designed 2D hybrid nanocomposites can not only facilitate the rapid diffusion of lithium ions to the electrode but also effectively suppress the aggregation and pulverization of the active NPs due to the presence of buffering carbon materials. We chose to anchor carbon buffered-SnO 2 NPs and -Fe 2 O 3 NPs on the rGO for their high theoretical capacity. As expected, the as-prepared C-SnO 2 -rGO and C-Fe 2 O 3 -rGO nanosheets exhibited high reversible capacity, good cycling stability, and high rate capability. Considering the wide-ranging chelating ability of TA towards a variety of transition-metal ions, the approach demonstrated here can be extended to the fabrication of other carbon buffered metal oxide-graphene hybrid 2D nanocomposite anodes.
Experimental section
Preparation of rGO GO was prepared from natural graphite by a modied Hummer's method. 27, 28 Subsequently, GO was dispersed in hydrazinewater solution (1 : 2, v/v) to react at 100 C for 24 h. The product was isolated by centrifugation and fully washed with deionized water and ethanol. The obtained rGO black powder was dried in a vacuum oven at 50 C for 24 h.
Preparation of C-SnO 2 -rGO nanosheets 8.0 mg of tannic acid (C 76 H 52 O 46 , Sigma-Aldrich) was dissolved in 1.0 mL of ethanol, and then 8.0 mg of rGO was suspended in the above solution, followed by ultrasonication for 4 h. Aer that, 1.0 mL of ethanol containing 104.2 mg of tin(IV) chloride hydrate (SnCl 4 $xH 2 O, Alfa Aesar) was dropwise added into the above suspension. The resultant mixture was stirred for 2 h, and then vacuum-dried at 50 C. The collected samples were vacuum annealed at 400 C for 1.0 h (or at 500 C for 2.0 h).
The obtained C-SnO 2 -rGO nanosheet was thoroughly washed with deionized water and ethanol, followed by vacuum drying at 50 C. 
Preparation of C-Fe

Electrochemical measurement
70 wt% of the C-SnO 2 -rGO nanosheet (or C-Fe 2 O 3 -rGO nanosheet), 20 wt% of conductive carbon black, and 10 wt% of polyvinylidene uoride (PVDF) binder were fully mixed into N-methyl-2-pyrrolidinone (NMP). The resultant slurry was coated onto Cu foils, and vacuum-dried at 50 C to completely remove the solvent. The electrochemical properties of the obtained working electrodes were measured using two-electrode CR2032 (3 V) cointype cells with lithium foil serving as both counter and reference electrodes at ambient temperature. The electrolyte was 1 M LiPF 6 in a 50 : 50 (w/w) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC). Cell assembly was carried out in an argon-lled glove box with both moisture and oxygen contents below 1.0 ppm. Galvanostatic discharge/charge tests were performed using a NEWARE battery tester.
Other characterizations
Ultraviolet-visible (UV-vis) spectra analyses were conducted using a UV-vis spectrometer (Shimadzu UV-2501PC). Thermogravimetry analyses (TGA, Q500) were carried out in the temperature range 33-900 C at a heating rate of 15 C min À1 in N 2 . The X-ray diffraction patterns of the samples were recorded using a Bruker D8 Advance diffractometer using Cu Ka radiation. The morphology of the samples was characterized with a eld emission scanning electron microscope (FESEM) system (JEOL, Model JSM-7600F) and a transmission electron microscope (TEM) system (JEOL, Model JEM-2010F) operating at 200 kV. Raman spectra were obtained with a WITec CRM200 confocal Raman microscopy system.
Results and discussion
Due to the presence of pyrogallol hydroxyls in its molecule, TA is able to chelate with transition-metal ions with empty d-orbitals by donating a lone pair of electrons of the two adjacent phenolic oxygen molecules, which results in the formation of stable ve-membered chelating rings. precursors were converted to SnO 2 NPs by thermal annealing at high temperature in a vacuum. According to TGA in a N 2 ow (ESI, S2 †), the weight loss of TA is higher than 60% when the temperature is beyond 400 C. Hence, the TA molecules that are chelated with Sn 4+ precursors will decompose to a carbon matrix when thermally annealed at high temperature in a vacuum, which can act as a buffering matrix to effectively suppress the aggregation of the SnO 2 NPs. Moreover, the high temperature annealing can ensure rm anchoring of the carbon buffered-SnO 2 NPs on the surface of rGO. In this way, a C-SnO 2 -rGO nanosheet with high stability was prepared. The C-Fe 2 O 3 -rGO nanosheet shares the same preparation mechanism with the C-SnO 2 -rGO nanosheet.
We rst prepared the C-SnO 2 -rGO nanosheet by vacuum annealing the precursor at 500 C, the corresponding XRD (211) and 66 (301). 22 In general, tin oxide with high crystallinity is more likely to suffer structural collapse during charge/ discharge processes as compared with the amorphous counterpart. 16 In order to decrease the crystallinity of the SnO 2 NPs, the annealing temperature was reduced to 400 C. As shown in ESI S3, † the obtained sample still exhibits the characteristic peaks of SnO 2 but these peaks are considerably broadened, and the peak intensity is much weak in comparison to those samples at 500 C, which therefore indicate that the as-prepared For the C-SnO 2 -rGO nanosheet, the C-SnO 2 NPs exhibit a homogeneous dispersion on the surface of the rGO without signicant aggregation, and the particle size of the C-SnO 2 NPs is quite small, which is in the range of 5-15 nm. In general, small NPs have a high tendency to self-aggregate, but the carbon buffering matrix derived from the decomposition of
The proposed preparation mechanism of the C-SnO 2 -rGO and C-Fe 2 O 3 -rGO nanosheets.
TA effectively suppresses SnO 2 NPs from aggregating. The C-Fe 2 O 3 -rGO nanosheet shows a similar morphology. In Fig. 1c , the morphology of rGO nanosheets is clearly observed, where small Fe 2 O 3 NPs (10-20 nm) are anchored. At higher magni-cation, it is found that the Fe 2 O 3 NPs anchored onto the surface of the rGO nanosheet have a closely packed arrangement but serious aggregation is rarely found. This should also be attributed to the formation of a carbon buffering matrix among the Fe 2 O 3 NPs. The transmission electron microscopy (TEM) images of the C-SnO 2 -rGO nanosheet with different magnications are given in Fig. 2a and b . Although a strong ultrasonic treatment was applied during preparation of the TEM samples, it is seen that the entire rGO nanosheet is still fully decorated by small SnO 2 NPs. This indicates that the C-SnO 2 NPs are rmly anchored onto the surface of the rGO nanosheet. In ESI S4, † C-SnO 2 -rGO at 500 C shows similar TEM images with the sample at 400 C but these SnO 2 NPs have a more packed arrangement on the surface of the rGO, which is possibly caused by the higher thermal annealing temperature. The high resolution TEM (HR-TEM) image of the C-Fe 2 O 3 -rGO at 500 C shows clear lattices, which suggest that SnO 2 NPs with high crystallinity are formed on the rGO. These results are consistent with the XRD analyses.
In Fig. 2c , the C-Fe 2 O 3 -rGO nanosheet shows similar TEM images with C-SnO 2 -rGO at 500 C. The Fe 2 O 3 NPs still exhibit a packed arrangement on the surface of the rGO. In Fig. 2d , the HR-TEM image of the Fe 2 O 3 -rGO nanosheet shows clear lattices, which conrms the formation of Fe 2 O 3 NPs with high crystallinity. The corresponding Raman spectra of C-SnO 2 -rGO at 400 C and C-Fe 2 O 3 -rGO at 500 C are shown in Fig. 3 .
Compared with rGO, C-SnO 2 -rGO and C-Fe 2 O 3 -rGO nanosheets both contain D and G bands of the rGO, 36 which suggest that no serious damage was incurred to the extended p-conjugation of rGO when preparing the nanocomposites, and this will be benecial for achieving good anode performances.
The Li storage properties of the C-SnO 2 -rGO and C-Fe 2 O 3 -rGO nanosheets were examined using coin-type half-cells with a Li counter electrode and reference electrode. corresponding coulombic efficiency is 56.74%, and it can deliver a reversible discharge capacity of 621.3 mA h g À1 in the 2 nd cycle. As for the C-SnO 2 -rGO at 400 C, its discharge and charge capacities are 997.6 and 656.9 mA h g À1 in the 1 st cycle, respectively, with an initial coulombic efficiency of 65.85%, and a reversible discharge capacity of 664.6 mA h g À1 is delivered in the 2 nd cycle. According to the literature, 37, 38 Sn-based anode materials usually exhibit a large initial irreversible loss, which is oen related to the formation of a solid electrolyte interface (SEI) layer on the anode surface and the decomposition of the electrolyte. In the 100 th cycle, the discharge voltage prole of the C-SnO 2 -rGO at 500 C is dropped more rapidly compared to the 1 st cycle. In comparison, the C-SnO 2 -rGO at 400 C delivered a discharge capacity of 633.2 in the 100 th cycle, and the corresponding discharge voltage prole almost overlaps with that of the 1 st cycle. , the discharge capacity could increase back to $400 mA h g À1 . As for the C-SnO 2 -rGO at 400 C, it maintains a steady discharge capacity at every current density, and the corresponding discharge capacities in the 10 th cycle are 641.3, 526.5, 452.7, 408.1 and 379.5 mA h g À1 , respectively. Upon return to a cycling rate of 200 mA g À1 , the specic capacity of the anode is increased to 581.7 mA h g À1 ,
and it can maintain a stable discharge capacity of 607.0 mA g À1 even aer 35 cycles. As a consequence, the C-SnO 2 -rGO at 400 C is promising to be stably operated at high discharge rate.
Obviously, the C-SnO 2 -rGO nanosheet with low crystallinity prepared at 400 C exhibits better cycling stability and rate capability than the sample with higher degree of crystallinity prepared at 500 C. According to the literature, 39,40 it is likely that the C-SnO 2 -rGO with low degree of crystallinity was less dense than its counterpart with higher crystallinity, which is associated with a homogenous volume expansion and contraction, thus eliminating the existence of two phase regions and improving the cycling stability. Consequently, the excellent electrochemical performances of the C-SnO 2 -rGO nanosheet at 400 C should be attributed to three factors: (1) the presence of a carbon buffering matrix considerably suppresses the fraction of SnO 2 NPs to lose their electrical contact with rGO. (2) The rGO nanosheet provides good electronic conductivity and buffering effect to some extent. (3) The SnO 2 NPs with low crystallinity accommodate the substantial volume changes to some extent. The cycling stability and rate capability of the C-Fe 2 O 3 -rGO nanosheet are shown in Fig. 4e and f. In Fig. 4e , the C-Fe 2 O 3 -rGO shows good stability at a current density of 500 mA g À1 . In the 100 th cycle, the discharge capacity of the anode is 504.1 mA h g À1 , which accounts for 99.62% of the capacity in the 2 nd cycle, thus exhibiting an excellent cycling stability. As seen in Fig. 4f , the CFe 2 O 3 -rGO delivers discharge capacities of 463.0, 365.9, 319.0 and 288.6 mA h g À1 in the 10 th cycle at current densities of 500, 1000, 1500 and 2000 mA g À1 , respectively, and the cycling performance is very stable at each discharge rate. The discharge capacity of the C-Fe 2 O 3 -rGO can maintain at 508 mA h g À1 in the 45 th cycle when the current density is decreased from 2000 to 500 mA g À1 , which also exhibited an excellent rate capability.
Conclusion
We have developed a simple and general method for the synthesis of carbon buffered-transition metal oxide NP-graphene hybrid 2D nanosheets, where tannic acid is used as a dispersing agent as well as the source of buffering carbon. Due to the presence of a carbon buffering matrix, the SnO 2 NPs and Fe 2 O 3 NPs can be stably anchored onto the surface of rGO without obvious aggregation. Moreover, the carbon buffering matrix can effectively accommodate the substantial volume changes of the active NPs, and accordingly, the as-prepared CSnO 2 -rGO and C-Fe 2 O 3 -rGO nanosheets both exhibited excellent cycling stability and rate capability. It should be noted that this strategy could be extended to the synthesis of other hybrid 2D nanosheets due to the strong chelating ability of TA towards a variety of transition-metal ions.
